Objective: Oral metronidazole used in combined regimens for Helicobacter pylori eradication has been associated with an increased risk of acute pancreatitis; however, it is less clear whether a similar association exists for single-regimen metronidazole. We, therefore, examined the association of single and combined regimens of oral metronidazole with risk of acute pancreatitis. Methods: In this population-based case-control study, all individuals in Sweden (aged 40-84 years) hospitalized with acute pancreatitis between January 2006 and December 2008 were identified from a national hospital register (n=5,996). Controls, matched for calendar year, age, and sex, were randomly sampled from a national population register (n=60,681). Data on oral metronidazole and covariates were extracted from national health and prescription registers. Odds ratios (ORs) of acute pancreatitis, according to timing of the latest metronidazole prescription before hospitalization, were estimated using logistic regression models. Confounding by indication was examined by contrasting the main results with the association when amoxicillin was used as exposure. The robustness of results was examined by calculating incidence rate ratios using a self-controlled case series approach. Results: After adjustment for potential confounders, there was a substantially increased risk of acute pancreatitis within 30 days of oral metronidazole exposure, both for single (OR: 4.06; 95% confidence interval [CI]: 1.90-8.64) and combined (OR: 11.80; regimens, compared to nonexposure. In contrast, the adjusted OR was 1.79 (95% CI: 1.25-2.54) for current use of amoxicillin compared to nonexposure. These results were supported by the self-controlled cases series analysis (incidence rate ratio: 3.30; 95% CI: 2.69-4.06, for single and combined regimens of oral metronidazole pooled). There was no strong association between oral metronidazole and acute pancreatitis more than 30 days after exposure. Conclusion: There was an increased risk of acute pancreatitis within 30 days of exposure to single and combined regimens of oral metronidazole. While reverse causality and confounding by indication cannot be entirely excluded, they are unlikely to fully explain the association. These results warrant an increased awareness among physicians.
Introduction
Acute pancreatitis is a painful condition associated with a mortality of up to 30%. 1 Cholelithiasis and alcohol abuse account for approximately 70% of all cases, while drugs are thought to be responsible for up to 6% of all cases. [2] [3] [4] To date, more than 500 drugs have been positively associated with risk of acute pancreatitis. 5, 6 However,
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Barbulescu et al most of these associations are based on individual case reports, with little evidence coming from clinical trials or observational studies. 7 Metronidazole, a common antimicrobial drug used against several anaerobic bacteria and protozoan organisms, 8 has the potential to penetrate the pancreas due to its high bioavailability after oral administration. 9 Case reports have suggested that metronidazole might induce acute pancreatitis, [10] [11] [12] [13] with latency ranging from 12 hours to 38 days. Clinical outcomes and laboratory parameters improved following metronidazole discontinuation in all case reports, and some of them described recurrence of acute pancreatitis after rechallenge. 10, 11, 13 In contrast, among 6,485 patients with metronidazole prescriptions recorded in US pharmacy databases, there were no hospitalizations for acute pancreatitis within 1 month of taking the drug. 14 In the largest and most wellcontrolled study to date, a population-based case-control study from Denmark (n=3,083 cases of acute pancreatitis), the risk of acute pancreatitis in current users (<31 days) of oral metronidazole was 3 times the risk in those unexposed. 15 However, in stratified analyses, only metronidazole used in combined regimens for Helicobacter pylori (H. pylori) eradication was associated with acute pancreatitis. 15 Since this association could be attributed to the other drugs in the combinations or to the indication itself, the authors concluded that the role of metronidazole required further investigation.
The aim of this study was to further assess the association of oral metronidazole with risk of acute pancreatitis according to 1) timing of the latest metronidazole prescription before hospitalization and 2) single and combined metronidazole regimens.
Materials and methods study design
A nested case-control study, previously described in detail, 16 was conducted within a dynamic source population, which consisted of all individuals aged 40-84 years living in Sweden during the study period, 1st January 2006 and 31st December 2008. The study was based on deidentified data from national registers. All individuals in the source population hospitalized with a first diagnosis of acute pancreatitis were included as cases. Ten controls for each case were randomly sampled from the same source population using frequency-based density sampling, matched for calendar year, sex, and age. Individuals with malignant neoplasms (except nonmelanoma skin cancer; as recorded in the Swedish Cancer Register) or pancreatic diseases (International Statistical Classification of Diseases and Related Health Problems [ICD]-10 codes K85, K86, K87 or ICD-9 code 577; as recorded in the Swedish National Patient Register) prior to the study were excluded. Follow-up was until the first episode of acute pancreatitis, diagnosis of malignant neoplasm as above, end of the study period, death, or emigration, whichever occurred first. For cases, the index date was the date of hospital admission for their first episode of acute pancreatitis. For controls, the index date was a random date from the matched calendar year.
Data sources
The National Patient Register, which has had an almost complete coverage of all hospitalized patients in Sweden since 1987, was used to identify diagnoses of acute pancreatitis and comorbid conditions. 17 The nationwide Prescribed Drugs Register, which started in July 2005, was used to identify prescriptions for oral metronidazole, concomitant drugs, and drugs used as proxies for comorbid conditions. 18 The Total Population Register was used to determine sex, age, country of birth, civil status, and date of emigration. 19 The National Education Register was used to determine the highest level of education (as a proxy for socioeconomic position). 20 The Cancer Register and the Cause of Death Register were used to identify diagnoses of malignant neoplasms and date of death, respectively.
21,22
Outcome
The outcome was defined as a primary or secondary diagnosis of acute pancreatitis (ICD-10 code K85) in the National Patient Register. In previous work, we have shown that the National Patient Register has a high positive predictive value for diagnoses of acute pancreatitis, ranging from 83% (definitive acute pancreatitis) to 98% (probable acute pancreatitis). 23 
Exposure
Exposure was measured by dispensed prescriptions containing oral metronidazole (Anatomic Therapeutic Classification [ATC] code P01AB01) in the Prescribed Drugs Register. If a person had collected several metronidazole prescriptions, the latest prescription before index date was used. Metronidazole exposure was classified according to timing before index date as 1) reference -no prescription; 2) current -latest prescription within 30 days; 3) recent -latest prescription between 31 and 180 days; 4) past -latest prescription between 181 and 365 days; and 5) former -latest prescription earlier than 365 days.
Combined metronidazole regimens for the treatment of H. pylori were defined as at least 1 prescription of proton pump inhibitors (PPIs) (ATC code A02BC) in combination 
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Oral metronidazole use and risk of acute pancreatitis with amoxicillin (ATC code J01CA04), tetracycline (ATC code J01AA07), or macrolide (ATC code J01FA) antibacterials, or a fixed combination of these drugs (ATC code A02BD06), within 15 days before or after the latest metronidazole prescription. Combined metronidazole regimens for the treatment of intra-abdominal infections was defined as at least 1 prescription of β-lactam (ATC code J01C or J01D), aminoglycoside (ATC code J01G), quinolone (ATC code J01M), vancomycin (ATC code J01XA01), or combinations of sulfonamides and trimethoprim (ATC code J01EE) antibacterials within 15 days before or after the latest metronidazole prescription. Use of metronidazole outside such combinations was considered single regimen.
statistical analysis
The association of oral metronidazole with risk of acute pancreatitis was estimated by odds ratios (ORs) using multivariate unconditional logistic regression models. The crude model contained only the matching variables, that is, sex, age at index date (5-year categories), and calendar year at index date. A second model additionally included the variables adjusted for in the previous case-control study on this topic, 15 that is, diagnosis of inflammatory bowel disease, diagnosis of alcohol-related disease or treatment of alcohol dependence, diagnosis of cholelithiasis, and use of thiopurine or sulfasalazine drugs (Table S1 for (Table S1 for all utilized ICD and ATC codes). A polypharmacy score (categorized as ≤4, 5-9 or ≥10 drugs) was also included in the third model as a proxy for other comorbid conditions. This score was created by summing the number of unique classes of drugs (first 4 positions of the ATC code), excluding those listed in Table S1 , dispensed to each subject within 180 days before index date. 24 All drug treatments, except the main exposure and those used in combination with ICD codes to define a comorbid condition, refer to prescriptions dispensed within 180 days before index date.
In supplementary analyses, the individuals with former exposure (>365 days) to metronidazole were reclassified as unexposed, replicating the previously published case-control study. 15 A further analysis was conducted in a subsample of participants with index dates between January 2007 and December 2008, since this allowed for drug exposure to be correctly classified up to 548 days before index date. Separate analyses were performed in 1) individuals with single or multiple metronidazole prescriptions and 2) men and women. Also, to examine the possibility of confounding by indication, the analyses were repeated using a different antibacterial (amoxicillin, ACT codes J01CA04 and J01CR02) as the exposure.
Finally, the data were reanalyzed using a self-controlled case series design to examine the robustness of the study findings. 25, 26 With this approach, only the cases are included and act as their own controls, meaning that both measured and unmeasured confounding by time-invariant factors, are accounted for by the study design. We considered 30 days after a metronidazole prescription (both single and combined regimens) as the exposed period; all other periods were considered unexposed. Initially, all acute pancreatitis diagnoses during the study period were included, except those diagnosed within 7 days of an earlier diagnosis, since they were considered to be part of the first episode. However, since recurrent events may not be independent and the occurrence of the first event is rare, the analysis was also run using just the first event for each individual. 27 Poisson regression models stratified by 5-year age groups and conditional on each individual were used to calculate incidence rate ratios (IRRs). 27 An offset for the duration of each exposed or unexposed period was also included in the models, as was an indicator of the monthly average number of PPI prescriptions dispensed within each exposed or unexposed period. Since this method does not account for confounding by indication, which involves time varying factors, these analyses were also repeated using amoxicillin as the exposure.
All analyses were conducted using Stata 14.2 (StataCorp, College Station, TX, USA).
Results
After excluding 169 cases and 969 controls with incomplete information on covariates, a total of 5,996 cases of acute pancreatitis and 60,681 controls were included in the study. Just over half of the cases were men, with the largest proportion being 60-64 years old (Table 1) .
Compared with controls, a smaller proportion of cases were university educated, married, and born in Sweden (Table 1) . However, cases were prescribed more drugs and had more comorbid conditions than controls. Overall, 5% of cases and 2% of controls were exposed to oral metronidazole 
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Barbulescu et al before index date, of which 1% of cases and 0.07% of controls had been exposed within 30 days ( Table 2) .
The odds of acute pancreatitis among current users of oral metronidazole (<31 days before index date) were 8 times the odds of acute pancreatitis among unexposed individuals (adjusted OR: 8.22; 95% confidence interval [CI]: 5.32-12.68) ( Table 3 ). The association was more modest 
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Oral metronidazole use and risk of acute pancreatitis Compared with unexposed individuals, the odds of acute pancreatitis was higher in individuals exposed to both single regimen (adjusted OR for current use: 4.06; 95% CI: 1.90-8.64) and, especially, combined regimens of oral metronidazole (adjusted OR for current use: 11.80; 95% CI: 6.86-20.28) ( Table 4 ). Similar to the main analysis, there was only a modest association more than 30 days after metronidazole exposure both for single and combined regimens.
The association between current use of oral metronidazole and risk of acute pancreatitis did not change substantially in the supplementary analyses in which 1) individuals with former exposure to metronidazole were reclassified as unexposed; 2) only individuals with index dates between January 2007 and December 2008 were analyzed; and 3) individuals with single or multiple metronidazole prescriptions were combined metronidazole regimens were defined as at least 1 prescription of PPis in combination with amoxicillin, tetracycline, or macrolide antibacterials, within 15 days before or after the latest metronidazole prescription, or at least 1 prescription of β-lactam, aminoglycoside, quinolone, vancomycin, or combinations of sulfonamides and trimethoprim antibacterials within 15 days before or after the latest metronidazole prescription. Use of metronidazole outside such combinations was considered single regimen. Abbreviation: PPi, proton pump inhibitor. Notes: Ors and 95% Cis were estimated using subjects not exposed to metronidazole before index date as the reference group; a before index date; b adjusted for matching variables (sex, age at index date, and calendar year at index date); c adjusted for matching variables, inflammatory bowel disease, thiopurine drugs, sulfasalazine, alcohol abuse, and cholelithiasis; d adjusted for matching variables, inflammatory bowel disease, thiopurine drugs, sulfasalazine, alcohol abuse, cholelithiasis, civil status, education level, country of birth, chronic obstructive pulmonary disease, diabetes, gastrointestinal ulcer, PPIs, H2-receptor blockers, nonsteroidal anti-inflammatory drugs, opioid analgesics, and polypharmacy score. Abbreviations: Adj, adjusted; CI, confidence interval; OR, odds ratio; PPI, proton pump inhibitor.
analyzed separately (Table S2) . However, the OR of acute pancreatitis was almost twice as large in men (adjusted OR: 11.39; 95% CI: 6.28-20.65) as in women (adjusted OR: 5.61; 95% CI: 2.93-10.73). In contrast to the 8-fold increased odds of acute pancreatitis for current use of oral metronidazole, the adjusted OR was 1.79 (95% CI: 1.25-2.54) for current use of amoxicillin compared to nonexposure.
Finally, using the self-controlled cases series approach, the risk of acute pancreatitis was 3 times higher within periods of exposure to oral metronidazole (<31 days of prescription) compared to the risk within periods of nonexposure (IRR: 3.30; 95% CI: 2.69-4.06). This estimate was slightly reduced by just including the first event for each individual (IRR: 2.47; 95% CI: 1.88-2.25). When amoxicillin was used as the exposure, the magnitude of the association was half that of metronidazole (IRR: 1.65; 95% CI: 1.31-2.07).
Discussion
In this large population-based case-control study, there was a substantially increased risk of acute pancreatitis within 30 days of exposure to oral metronidazole, both for single and combined regimens.
The results of the current study broadly support the findings of the only previous well-controlled study. 15 However, the magnitude of the association for current exposure to oral metronidazole was more than 2 times higher in our study. The earlier study classified those exposed to oral metronidazole for more than 1 year before index date as unexposed, while we had them in a separate exposure category. Nonetheless, replicating that strategy did not result in matching effect sizes. In the previous study, the association between oral metronidazole and risk of acute pancreatitis was restricted to combined metronidazole regimens for H. pylori eradication. As such, it was not clear if the association was driven by metronidazole itself, other drugs in the combination, confounding by indication (eg, gastrointestinal ulcers leading to Clinical Epidemiology 2018:10 submit your manuscript | www.dovepress.com
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Barbulescu et al pancreatitis by penetration), detection bias (ie, patients being more frequently examined by gastroenterologists), or reverse causality (ie, metronidazole being prescribed for symptoms of acute pancreatitis that were misinterpreted as gastritis or diverticulitis). In contrast, we observed an association with acute pancreatitis that was not limited to combined metronidazole regimens. This finding is consistent with the possibility that metronidazole itself, at least in part, is responsible for the association. We cannot entirely rule out the presence of reverse causality, which may occur if treatment is empirical and not based on radiology and/or blood tests (eg, in a primary health care setting). Nonetheless, it seems unlikely that reverse causality explains the full magnitude of the observed association, especially considering the substantial increase in risk seen beyond the first 5 days after exposure. We hypothesized that confounding by indication would be more likely Figure 1 Adjusted ORs and 95% CIs of acute pancreatitis during the first 30 days after oral metronidazole exposure. Notes: Ors and 95% Cis were estimated using subjects not exposed to metronidazole before index date as the reference group. Estimates were adjusted for matching variables (sex, age at index date, and calendar year at index date), inflammatory bowel disease, thiopurine drugs, sulfasalazine, alcohol abuse, cholelithiasis, civil status, education level, country of birth, chronic obstructive pulmonary disease, diabetes, gastrointestinal ulcer, PPIs, H2-receptor blockers, nonsteroidal anti-inflammatory drugs, opioid analgesics, and polypharmacy score. Abbreviations: CI, confidence interval; OR, odds ratio; PPI, proton pump inhibitor. Notes: Ors and 95% Cis were estimated using subjects not exposed to metronidazole before index date as the reference group; a before index date; b adjusted for matching variables (sex, age at index date, and calendar year at index date), inflammatory bowel disease, thiopurine drugs, sulfasalazine, alcohol abuse, cholelithiasis, civil status, education level, country of birth, chronic obstructive pulmonary disease, diabetes, gastrointestinal ulcer, PPIs, H2-receptor blockers, nonsteroidal anti-inflammatory drugs, opioid analgesics, and polypharmacy score. Abbreviations: Adj, adjusted; CI, confidence interval; OR, odds ratio; PPI, proton pump inhibitor.
in combined oral metronidazole regimens, used for H. pylori and intra-abdominal infections, than in single regimens. As such, our finding of an association for both single and combined regimens reduces the possibility that confounding by indication is the sole explanation for the association. Nonetheless, since there was a modest association with acute pancreatitis when amoxicillin was used as the exposure, confounding by indication is still a possibility, assuming there is no true association with amoxicillin. However, the magnitude of the association with oral metronidazole was substantially larger than that with amoxicillin, especially in the case-control analysis, indicating that confounding by indication is unlikely to fully explain the association.
The risk of acute pancreatitis more than 30 days after exposure to oral metronidazole was modest, even though ORs larger than 1 were observed throughout the study period. This may be due to misclassification of confounder variables, unmeasured confounding, or random variation. However, since the estimates were close to the null value, the magnitude of confounding bias was most likely low and should not explain the strong association of current exposure to oral metronidazole with risk of acute pancreatitis.
Using a self-controlled case series approach supported the main findings from the case-control analyses of an increased risk of acute pancreatitis after exposure to oral metronidazole. The advantage of this approach is that both measured and unmeasured confounding by time-invariant factors are accounted for by the study design. However, as discussed, confounding by indication may partly explain the association of oral metronidazole with acute pancreatitis since indications are time-varying and thus not controlled by either method. Nonetheless, this is unlikely to be the only explanation.
The biological mechanisms behind an association between oral metronidazole and risk of acute pancreatitis are unknown, but an idiosyncratic immune-mediated reaction has been speculated. 28, 29 We observed that the association with current use of oral metronidazole differed by sex, which, in theory, could be the consequence of interactions between metronidazole and other risk factors that are unequally distributed between sexes. However, further research is required to understand these results in depth.
The strengths of the current study include the large sample size, which allowed for more precise estimation than previous studies, and the use of nationwide register-based data, which removed the possibility of selection and recall bias and led to good internal and external validity. In addition, by sampling controls randomly from the same source population as cases throughout the whole follow-up period, the ORs are fair approximations of IRRs. Nevertheless, some limitations of the study need to be acknowledged. First, despite the high positive predictive value of a recorded diagnosis of acute pancreatitis in the Swedish Patient Register, we had no access to medical charts, indicating potential outcome misclassification. Second, the specificity of the exposure measurement is expected to be reduced by imperfect adherence to prescriptions, while its sensitivity was inevitably reduced by the lack of information on in-hospital use of metronidazole. 18 However, adherence to antimicrobial treatments, such as metronidazole, is, in general, good. 30 Moreover, any such misclassification was most likely nondifferential between cases and controls in this prospective setting. Importantly, the ORs obtained using a subsample of individuals with index dates between 2007 and 2008, where drug exposure could be correctly classified within 548 days before index date, were consistent with those obtained using the whole sample. This indicates that the impact of exposure misclassification as a result of proximity to the start of the Swedish Prescribed Drugs Register was negligible.
Conclusion
In conclusion, in this large population-based case-control study, there was an increased risk of acute pancreatitis within 30 days of exposure to oral metronidazole, which was supported by a self-controlled case series analysis. The observed association withstood adjustment for a large number of potential confounders and was not limited to metronidazole used in combined regimens. While reverse causality and confounding by indication cannot be entirely excluded, they are unlikely to fully explain the association. These findings contribute to the evidence of a positive association between oral metronidazole and risk of acute pancreatitis, which warrants an increased awareness among physicians.
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